Purpose of Review Cellular reprogramming now permits the generation of a renewable source of disease-relevant human cells for modeling biological systems and for high-throughput drug screening. Advances in modeling human brain development to study Zika infections and its association with microcephaly are discussed in this commentary. Recent Findings Human-induced pluripotent stem cells can be differentiated to cell types similar to those in the developing brain using both 2D and 3D cell culture systems. Zika virus targets proliferating neural progenitor cells in these systems and the resultant cell death provides evidence that Zika virus infections are causal for microcephaly. Drug repurposing screens using human cells vulnerable to infection has led to the identification of antiviral and neuroprotective therapeutic candidates. Summary Together with in vivo animal models, new stem cell-based technologies to model features of the developing and mature nervous system provide a platform for accelerated drug development to combat infectious diseases with neurological consequences.
The recent outbreak of Zika virus (ZIKV) infections in dozens of countries throughout the Western Hemisphere has become a significant public health concern and was deemed a global emergency by the World Health Organization in February of 2016 [1] . Although ZIKV had been identified decades earlier, it was the striking coincidence of a rising number of microcephaly cases reported in regions with active transmission that triggered investigations of its effects on the developing nervous system. Within a few months, researchers from around the world mobilized to develop novel cellular and animal models to understand whether and how ZIKV infections in pregnant women may impact developing fetuses. What we have learned about ZIKV through this process is alarming in terms of its direct effects on human neural progenitors and its causal role in microcephaly. But how we reached these conclusions is encouraging in that it confirms we are at a transitional moment in biomedical research when we can exploit new technologies for rapid neurological disease modeling.
Neurodevelopmental disorders are among the most devastating and intractable of human diseases. Our understanding of the mechanisms underlying genetic or environmentally induced dysregulation of neural development has relied largely on indirect measures that must be interpreted with caution. Longitudinal studies of human brain development in patients and Bat risk^populations are limited by the low resolution of non-invasive monitoring of brain structure and function. Postmortem examination of neural tissue cannot easily distinguish between causal pathology and its consequences. Animal models do offer distinct advantages in permitting the study of an intact nervous system, but are subject to a different set of constraints imposed by the lack of anatomical and genomic homology with humans. And, until recently, we had very little access to the most relevant human cell types to perform systematic investigations under controlled conditions in culture.
The Nobel Prize-winning discovery that differentiated adult cells could be reprogrammed into stem cells has eliminated this last obstacle, with profound implications for diagnosing, treating, and preventing many disorders [2] . Cellular reprogramming allows for the derivation of induced pluripotent stem cell (iPSC) lines from any donor, which can then be banked and used as a renewable resource to generate any somatic cell type, including neurons and other cells of the central nervous system (CNS). For the first time, we can now produce an inexhaustible supply of human cells that share critical properties with the formative populations of the developing human brain, allowing for mechanistic investigations of disease and injuries affecting the nervous system.
Establishing a causal link between ZIKV and microcephaly, a disorder in which infants are born with small head sizes and stunted brain growth, required a better understanding of the cellular targets of ZIKV and the potential for vertical transmission from a pregnant woman to the fetus. Clinicians and researchers first detected the presence of ZIKV in fetal brains obtained from terminated pregnancies, demonstrating that the fetus was vulnerable to ZIKV [3, 4] . To determine whether ZIKV could directly infect the predominant cell type in the developing fetal brain, researchers turned to human neural progenitors differentiated from iPSCs. Strikingly, ZIKV preferentially targeted and induced cell death in these human neural proliferating cells, the population responsible for generating the cortical neurons that appeared to be the most affected in cases of microcephaly [5] . This result was cited in the report from scientists at the Centers for Disease Control and Prevention concluding that ZIKV was causal for microcephaly [6] . Although the demonstration that ZIKV could infect live human neural progenitors was critical, the fact that investigators can now probe the molecular and cellular machinery that mediate the toxic effect of ZIKV is even more important. It is precisely this ability to run repeated experiments, with appropriate controls, in disease-relevant cell types, that illustrates the power of iPSCs as a new tool for biological discovery and accelerated drug development.
The first reports of ZIKV infection of human neural progenitors came from studies using traditional 2-dimensional (2D) monolayer cell cultures. This standard approach offers several advantages such as the ability to generate highly pure populations of a specific cell type, well-defined stages of proliferation and differentiation synchronized across the population, and a fairly short developmental period until the cells reach maturity, as defined by functional properties and morphological features. Depending on the scientific question and the process being modeled, a potential disadvantage of the 2D system is its inability to capture essential aspects of organ development, namely the self-organization of multiple cell types at different developmental stages to produce highly structured 3D tissues.
In 2013, it was reported that culturing iPSCs in spinning bioreactors, under a pan-neural differentiation protocol that relied on intrinsic signaling cues, led to the formation of heterogeneous 3D cellular aggregates, or cerebral organoids, which expressed features of various brain regions [7] . Several groups recently used variations of this protocol to model ZIKV infections of brain development using cerebral organoids and obtained largely consistent results showing attenuated growth, increased cell death, and overall smaller organoids that were exposed to the virus [8] [9] [10] [11] . Cerebral organoids allow for the identification of phenotypes potentially relevant to ZIKV that would not be apparent in 2D monolayer cultures, including dysregulated cell migration, cortical layer formation, and progenitor zone organization and function.
Ultimately, the goal of these ZIKV studies is to identify therapeutic targets to block or minimize the effects of ZIKV infections. Although ZIKV is also associated with cases of GuillainBarre syndrome in adults, the cerebral organoid system is ideally suited for modeling early brain development and microcephaly. Genome-wide expression analyses have been used to map the stages of organoid development to human gestational timepoints based on published transcriptome datasets, revealing analogous region-specific transcriptome dynamics up to the second trimester of pregnancy. A current technical challenge in the field is how to support maturation and growth of larger organoids to model later stages of brain development. After ∼80-100 days in culture, there is a physical limitation in the perfusion of growth factors and oxygen in the media to the center of the organoid, inducing cell death among the innermost layers and progenitor zones. Although current methodology permits the much-needed investigation of the earliest stages of brain development, prolonging culture conditions would allow for the study of chronic exposure and long-term effects of acute exposure of ZIKV on functional neural development.
Another challenge that is currently being addressed is the scalability of the organoid model to enable high-throughput screening that would facilitate rapid drug identification. Targeted mechanistic investigations of ZIKV based on observed phenotypes can lead to the development of hypothesis-driven rational drug development. A complementary approach is to perform unbiased screens of large compound libraries, with the robust phenotypes as a readout of drug efficacy. Using this latter strategy in a drug repurposing screen, both antiviral and neuroprotective compounds were identified that ameliorated viral production and death of human neural progenitors [12] . For urgent global health crises, the combination of drug screens using relevant human cell types and existing FDA-approved or clinical candidate drugs could dramatically decrease the time it takes to get a novel therapeutic to infected patients or populations most at risk. In addition to identifying a clear cellular phenotype for screening, reproducible and homogenous cell cultures are needed for quantification. To increase the throughput for organoid generation, a miniaturized bioreactor has been developed that allows for testing multiple conditions at a low cost. Optimized differentiation protocols will also be necessary to generate organoids with the salient properties of the system to be modeled, such as the presence of a human-specific outer subventricular zone that contributes to cortical development [10] .
Organoids are highly relevant for understanding the acute effects of viral infections or other insults in early brain development. But an equally important question is how transient exposure to ZIKV in utero may affect the development and function of neural systems over the lifetime. Even in the absence of microcephaly or overt changes in global brain structure, there may be effects on the production or distribution of specific cell populations that alter brain circuitry, leading to cognitive deficits with varying degrees of severity. It is much too early to appreciate the long-term consequences of early ZIKV infections in affected human populations, but several groups have already reported viable animal models of ZIKV infection that will be essential to this research [11, [13] [14] [15] . It is clear that we need in vivo models to observe how ZIKV-induced perturbations of embryonic neurogenesis can influence the development of an intact nervous system and, ultimately, cognitive function and behavior.
Human iPSC-based research with 2D and 3D cell culture models cannot replace rodent or non-human primate models for discovery or evaluation of drug efficacy. But the promise and hope is that these human in vitro systems will expedite drug development and the identification of novel therapeutics through an approach that provides complementary advantages including the following: (1) higher fidelity models of human biological systems, (2) high-throughput assays using disease-relevant cell populations, (3) a rapidly deployable preclinical platform as an additional validation step before moving to clinical trials, and (4) donor-specific iPSC lines for diagnostics and to identify mechanisms underlying differences in susceptibility across the population.
